Aim: Chronic heroin use can cause various neuropathological characteristics that may compromise brain function. The present study evaluated the alteration of gray matter volume (GMV) and its resting-state functional connectivity (rsFC) over the dorsolateral prefrontal cortex (DLPFC) among male heroin users.
Aim: Chronic heroin use can cause various neuropathological characteristics that may compromise brain function. The present study evaluated the alteration of gray matter volume (GMV) and its resting-state functional connectivity (rsFC) over the dorsolateral prefrontal cortex (DLPFC) among male heroin users.
Methods: Thirty heroin-dependent men undergoing methadone maintenance therapy and 30 educational-level-and age-matched male controls were recruited for this study. To assess their GMV and rsFC, the participants were evaluated using spoiled gradient echo and gradient-recalled echo planar imaging sequences with a 3-Tesla General Electric MR scanner under resting state.
Results:
The heroin-dependent men showed lower GMV over the right DLPFC in comparison with the controls. Further evaluation of the rsFC of the right DLPFC revealed a marked decrease in interhemispheric DLPFC connectivity among those with heroin dependence under control of head movement and GMV of the right DLPFC.
Conclusion:
Although the mechanism remains unclear, the present study shows that chronic heroin use is associated with alteration of morphology as well as rsFC over the right DLPFC. As the DLPFC plays an imperative role in various domains of cognitive function, service providers for heroin users should consider the impacts of possible DLPFCrelated cognitive deficits on treatment effectiveness.
Key words: dorsolateral prefrontal cortex, functional connectivity, gray matter volume, heroin use disorder, methadone. D UE TO ITS highly addictive properties and widespread availability, the use of heroin, particularly via intravenous injection, creates a major public health problem worldwide. 1 The direct costs, such as high utilization of medical services and social welfare resources, loss related to criminal offense, and incarceration expenditure, as well as indirect costs, such as loss of productivity, associated with heroin use pose a tremendous societal economic burden. 2 Male sex and young age are the primary demographic risk factors for heroin use disorder. 1 Long-term heroin use can cause various neuropathological characteristics, such as abnormalities in signal transduction systems, 3 changes in various receptor densities, 3 hypoxia-ischemic neuronal damage, and neuroinflammation 4 which may alter brain structure and further impair brain function among heroin users. Previous studies have demonstrated deficits in attention, working memory, psychomotor speed, and executive function with both acute and chronic opioid use. 5 Early neuroimaging studies, which reported brain structural and functional alteration among heroin users, also correspond with these cognitive deficits. For example, heroin users showed loss of frontal volume in cranial computed tomography (CT) scans 6 and decreased regional blood flow, especially over the frontal and temporal cortex, on single-photon emission CT (SPECT). 7 In addition, functional magnetic resonance imaging (fMRI) has revealed attenuated activations over the prefrontal and anterior cingulate regions associated with impulsivity among heroin users. 8 However, how the brain is altered by chronic heroin use is not fully understood.
Voxel-based morphometry studies on heroin use
Voxel-based morphometry (VBM) is widely used as an imaging tool in evaluating patterns of brain anatomy change, particularly in gray matter, for behavioral or cognitive disorders.
9,10 VBM enables voxelwise comparisons of the local density or volume of gray matter between groups of patients and controls, 11 and it is a powerful tool for detecting structural changes that may progress during the course of a mental disorder.
The first VBM study for heroin users with methadone treatment revealed reduced gray matter density (GMD) in the bilateral prefrontal and temporal cortex. 12 A later study recruiting Chinese heroindependent subjects demonstrated reduced gray matter volume (GMV) in the right prefrontal cortex, left supplementary motor cortex, and bilateral cingulate cortices. 13 In another study, abstinent heroindependent individuals also exhibited a significant reduction in GMD in the right dorsolateral prefrontal cortex (DLPFC).
14 Although the majority of studies have demonstrated reduction of GMD or GMV over the bilateral or right side frontal cortex among heroin users, there are also inconsistent study results regarding the laterality or regions of brain structural alterations among heroin users. For instance, a relevant study reported decreased GMD in the left inferior frontal gyrus and left cerebellar vermis among heroin-dependent subjects. 15 Another study recruiting individuals who had prior history of heroin dependence but maintained abstinence for several years showed reduced GMV over the parieto-occipital sulcus, which included the precuneus and cuneus among these subjects instead of the prefrontal regions. 16 In addition to brain structural alterations in GMV or GMD, a more recent study showed significantly decreased cortical thickness not only over bilateral superior frontal and left caudal middle frontal regions but also right superior temporal, and right insular regions. 17 Among the accumulating neuroimaging studies on heroin use disorder, the most consistent results supported links between chronic heroin exposure and brain structural alterations in the frontal lobe, particularly in the DLPFC. However, the laterality of alteration in the frontal lobe for heroin-dependent individuals is still inconclusive. Thus, the alteration of GMV, particularly in the bilateral DLPFC, among heroin-dependent individuals receiving methadone maintenance treatment (MMT) should be further investigated.
Resting-state functional connectivity study in heroin-dependent individuals
A growing body of evidence shows that distributed neural circuits exhibit spontaneous activity at resting state. The low-frequency fluctuations in this activity are temporally correlated within spatially distinct but functionally related networks. A study on resting-state functional connectivity (rsFC) revealed numerous networks that are common in healthy subjects and represent specific patterns of synchronous activity. 18 Evaluation of the rsFC gives us insight into the characterization of neural circuit abnormalities in neuropsychiatric illnesses. The specific neurobiological abnormalities underlying reward, affective, and cognitive processes have been represented by rsFC in elucidating the possible mechanisms of addictive disorders. 19 For example, chronic heroin users showed increased rsFC between the nucleus accumbens and the ventral/rostral anterior cingulate cortex (ACC) as well as the orbital frontal cortex (OFC), and between the amygdala and the OFC, but reduced rsFC between the prefrontal cortex and the OFC as well as the ACC with seedbased regions of interest (ROI) correlation analysis. 20 Nevertheless, studies connecting brain structural abnormalities with rsFC alterations in heroin use disorder remain rare. One of these few studies demonstrated a significant decrease of GMD in the right DLPFC and a reduction of its rsFC with the left inferior parietal lobe (IPL) among abstinent heroindependent individuals.
14 Further studies evaluating the rsFC in relation to brain structural abnormalities are necessary to provide more insights regarding changes of brain morphology and functionality among heroin-dependent individuals.
Research aims
Although there have been no conclusive results, several previous studies have indicated that decreased GMV and its rsFC in the right DLPFC may be one of the characteristic brain alterations of cognitive dysregulation among heroin users even maintaining abstinence. 19 This study examined this hypothesis of brain alteration among heroin-dependent men.
METHODS Participants
The participants in this study were 60 right-handed men, comprising 30 men with heroin dependence (heroin-dependent group) and 30 men who had never used heroin (control group). All of the participants received a diagnostic interview with an experienced psychiatrist during the screening phase to confirm the feasibility for enrollment in the study. Eligible heroin-dependent participants met the diagnosis of heroin dependence according to the DSM-IV-TR 21 and had been receiving MMT at a stable dosage of methadone for more than 3 months. Meanwhile, they had no history of other substanceuse disorders (excluding nicotine dependence). The controls were frequency-matched with the heroindependent participants by age and education level and had never used heroin; they had no history of substance use disorder (excluding nicotine dependence) either. The exclusion criteria for both groups were: (i) currently using any psychotropic medication (excluding methadone for the heroindependent group); (ii) having any major mental disorders, including major depressive episode, bipolar I disorder, psychotic disorder, or intellectual disability currently or in the past history; and (iii) having a brain neurological illness or injury currently or in the past history. Those who had poor tolerance to the process of magnetic resonance imaging (MRI) were also excluded from the study. After receiving a detailed explanation of the study, all participants gave written informed consent. The study was approved by the Kaohsiung Medical University Institutional Review Board.
Image acquisition
The fMRI experiments were performed with a 3-Tesla General Electric (New York, NY, USA) magnetic resonance ( Twenty-eight image planes were collected parallel to the anterior commissure and posterior commissure line by using sagittal localizer images. T1-weighted anatomical images were obtained using a fast spoiled gradient-echo sequence (256 × 256 matrix; 24-cm FOV, TE = 2.8-12.0 ms; TR = 6.6 ms; 1-mmthick slices with a 0.47-mm gap) before fMRI scanning to provide anatomical registration. The resting state was defined as engaging in no specific cognitive task during fMRI scanning. 22 The participants were required to relax, close their eyes, clear their minds, remain motionless, but remain awake. After scanning, each participant was asked about his waking state during scanning, and none reported falling asleep.
Process
Age, education level, current methadone dosage, and the results of urinalysis for heroin were collected from the heroin-dependent participants before they underwent fMRI. The demographic data of the controls were also collected before they underwent fMRI. All of the participants were requested not to smoke or drink caffeinated beverages within the 4 h before fMRI scanning.
Data analysis VBM analysis
The 'new segment' and 'DARTEL' registration algorithms in Statistical Parametric Mapping (SPM8; Wellcome Department of Cognitive Neurology, London, UK) were used to process image segmentation and registration, respectively. New segment was used to produce gray matter, white matter (WM), and cerebrospinal fluid (CSF) tissue class images (segmentations) in native space. Nonlinear coregistration of the segmentations was performed in DARTEL. 23 The rigid-body-aligned gray matter and WM for each participant were registered using the default parameter settings. An original template was then generated to compute the average of all aligned data, followed by the first iteration of registering each participant sequentially. Thus, a new template was created and the second iteration began. After six iterations, the average of the DARTEL-registered data was taken for the final template, and the images were registered to this space. Therefore, in an additional step, the DARTELregistered data were affine-transformed into Montreal Neurological Institute (MNI) space, modulated, and smoothed using an 8-mm Gaussian filter.
The SPM8 parametric two-sample t-test was used to determine the differences in VBM-generated gray matter between the two groups. Clusters that achieved P < 0.05 at the voxel-level threshold in familywise error correction in the ROI over the DLPFC were considered significant. Anatomical ROI were created from the Automated Anatomical Labeling library as found in WFU Pickatlas v 2.4. 24 The right and left DLPFC (middle frontal lobe) were selected according to previous GMV studies in heroin-dependent subjects. 13, 14, 25, 26 Resting fMRI analysis
The first five volumes of the functional time series were discarded for signal stabilization and adaption to the noise in the scanner. A total of 305 volumes were preprocessed using the SPM8 package. First, correction for acquisition delay between slices and for head motion was performed. Excessive motion was defined as more than 3 mm of translation. Data of five heroin-dependent subjects and three control subjects were excluded from further analysis according to this criterion. For normalization, highresolution individual T1-weighted images that had been coregistered to the individual mean EPI obtained during spatial realignment were used. The realigned datasets were then normalized to MNI space and resliced to a 3 × 3 × 3-mm voxel size. A 4-mm full-width-half-maximum Gaussian kernel was used to smooth the data.
Further preprocessing was performed using the Resting-State fMRI Data Analysis Toolkit (REST; http://resting-fmri.sourceforge.net) 27 and the DATA Processing & Analysis for Brain Imaging (DPABI), 28 including removal of linear trends and temporal band-pass filtering (0.01-0.08 Hz) for reducing lowfrequency drift as well as high-frequency respiratory and cardiac noise.
Functional connectivity was calculated using REST. At the individual level, three nuisance covariates (i.e., global trend, WM, and CSF) were first obtained using REST by averaging the time series within the whole brain, WM, and CSF masks, respectively. A seed reference time course was obtained by averaging the time series of all voxels in the ROI. The seed was selected according to the significant finding in VBM analysis. Subsequently, Pearson's correlation analysis was performed to examine the association between the seed reference time course and the time series from the whole brain in a voxelwise manner, with the global, WM, CSF signals, and the six head motion parameters as nuisance covariates. Finally, the resultant correlation coefficients were transformed into z-scores by using Fisher's transformation to improve the normality. 29 Voxel-wise two-sample t-tests were conducted by DPABI to compare group differences between the heroin-dependent and control groups under the BrainMask_61*73*61. As correction for multiple comparisons, a corrected threshold of P ≤ 0.05 (two-tailed) was derived from a combined threshold of P ≤ 0.001 for individual voxel with a cluster size >119 voxels. This threshold was determined using the Monte Carlo simulations with the program AlphaSim in AFNI. The comparison was processed with control of age, educational level, head motion, and GMV as the covariates.
RESULTS
The mean (AE SD) ages for the heroin-dependent participants and controls were 41.47 (AE 5.18) and 42.44 (AE 5.00) years, respectively. The mean (AE SD) levels of education for the heroin-dependent group and controls were 11.46 (AE 1.50) and 11.05 (AE 2.05) years, respectively. There was no significant difference in age and educational level between the two groups. For the heroin-dependent group, the mean (AE SD) duration of heroin use was 7.66 (AE 3.55) years. The mean (AE SD) daily methadone dosage and attendance rate for MMT were 52.00 (AE 29.35) mg/day and 80.44% (AE 3.90%), respectively, for the heroin-dependent group. Only seven heroin-dependent participants (23.3%) had a negative urine heroin analysis result. Cases with a negative urine heroin analysis result had maintained Figure 1 shows that the heroin-dependent group exhibited lower GMV over the right DLPFC (x, y, z = 36, 24, 30). Other differences in GMV between the two groups were nonsignificant.
VBM analysis

Right DLPFC rsFC pattern
Between-group differences in the rsFC pattern of the right DLPFC indicated that the heroin-dependent group had significantly lower rsFC with the left DLPFC (number of voxels, 746; pear at x, y, z = −18, 18, 42; Z = 4.76, individual P ≤ 0.001; fulfilling the significant threshold of P ≤ 0.05 determined using the Monte Carlo simulations with the program AlphaSim in AFNI; 
DISCUSSION
This study showed that heroin-dependent men had lower GMV over the right DLPFC in comparison with men who had never used heroin. The reduction of GMV over the right DLPFC (Brodmann area 46) among the heroin-dependent participants accords with the results of previous neuroimaging studies. 14, 26 The first neuroimaging study that explored the alterations of brain morphology and rsFC simultaneously among abstinent heroin-dependent individuals of both sexes showed a decrease of GMD and rsFC over the right DLPFC.
14 Another study, which recruited 15 male and 15 female abstinent heroin-dependent individuals as well as 34 healthy participants, also revealed the trend of reduction of GMD over the right DLPFC (Brodmann area 46). 26 The reproducibility of MRI studies has always been called into question; 30 therefore, obtaining the same result twice is a powerful statement in the field of neuroimaging. Our study obtained such a repeated result, providing strong support that heroindependent subjects have reduction of gray matter over the right DLPFC. In addition to morphometric change, we demonstrated attenuated interhemispheric DLPFC connectivity among the heroindependent subjects. The attenuated pattern of rsFC in the right DLPFC was different from a previous study, which revealed decreased functional connectivity between the right DLPFC and IPL.
14 This discrepancy in results may be related to the difference between the study subjects, including different sex ratio, absence or presence of methadone treatment, and the time frame during which the heroin users had been dependent on or using heroin.
Nevertheless, both the DLPFC and IPL are considered to belong to the executive control system, which modulates the valuation network and impulse control. 31, 32 Alteration in the structure of the DLPFC in heroin-dependent individuals A previous study showed that the GMD of the bilateral DLPFC was negatively associated with impulsivity and the duration of heroin use in heroindependent subjects who were currently using heroin. 33 Another study demonstrated that the GMD of the right inferior frontal gyrus correlated negatively with the duration of heroin exposure among abstinent heroin users. 26 These studies confirm the effect of heroin use on the GMD among heroin users, even those maintaining abstinence for years. Our study also demonstrated the reduction of GMV in the right DLPFC among heroin-dependent subjects undergoing MMT. The results of our study and these previous studies reveal that the gray matter alteration over the right DLPFC exists across the various stages of heroin dependence, and imply that decreased gray matter in the DLPFC might be a candidate neurobiological marker of heroin dependence.
Chronic heroin use may result in a series of neuropathological alterations and brain damage, including neurovascular disorders, leukoencephalopathy, and atrophy. 3, 4 A preclinical study showed changes of brain structures and functions via altered dendritic spine density and neuronal apoptosis with long-term opioid exposure. 34 Other possible mechanisms for the decreased GMV over the right DLPFC are hypoxic-ischemic injury and neuroinflammation with chronic heroin use. 4 Heroin use might also alter signal transduction and receptor densities. 3 Although the mechanism of brain injury with chronic heroin use seems to be complicated and is not thoroughly clear, these neuronal damages could result in morphological or functional change of the brain with the cumulative effect of chronic heron use. 26, 33 Further study is required to elucidate the association between the neuropathological effects of chronic heroin use and these morphological and functional alterations over the DLPFC.
Furthermore, the DLPFC plays an essential role in multiple domains of cognitive processes. Research suggests that the dorsal part of the DLPFC is preferentially involved in planning, multistep tasks, and memorizing spatial locations or goals. 35 Previous research on lesions in the dorsolateral prefrontal © 2018 The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology region has indicated that the DLPFC contributes to the monitoring and manipulation of information in working memory. 36 The DLPFC is also functionally associated with reinforcement learning and decision-making. 37 A previous study revealed that heroin use was associated with a deficit in working memory and decision-making, 38 and the deficit in decision-making persisted even after abstinence from heroin. 39 Functional laterality of the prefrontal cortex reportedly elucidates the distinct but mutually cooperative functional presentation between the left and right prefrontal cortex. 40 For example, the DLPFC is thought to play a pivotal role in planning with the left DLPFC being focused on specific features and meanings of individual events and the right DLPFC mediating the integration of information across events. 41 Our study revealed the reduction of GMV in the right DLPFC. Any relevant and distinct pattern of cognitive deficits with the right DLPFC should be further investigated.
In sum, impaired DLPFC function is correlated with deficits in several domains of cognitive function among heroin users. Further study connecting alterations of DLPFC morphology and rsFC with associated cognitive deficits among heroin users may provide more insight into how heroin use influences brain function.
Although previous studies have demonstrated the dose effect of heroin use over alteration of the DLPFC, there might be a bidirectional causal relation between heroin use and decreased GMV over the DLPFC. Individuals with a compromised decision-making ability and impulse control are vulnerable to substance use disorder. 42 Thus, decreased GMV as well as function connection (discussed below) over the DLPFC may also be a precursor for heroin use disorder.
Low interhemispheric connectivity of DLPFC in heroin-dependent individuals
The heroin-dependent group exhibited lower rsFC to the contralateral DLPFC in comparison with the control group. This result suggests that chronic heroin use is associated not only with alteration in the GMV but also rsFC over the right DLPFC. A recent study demonstrated that a weaker rsFC of the network underlying the executive control system, including the bilateral DLPFC, and a stronger rsFC of the network underlying the reward system were associated with impulsivity in abstinent heroindependent subjects. 32 The aforementioned DLPFC is assigned an imperative role in planning. Previous neuroimaging studies on planning have mostly reported bilateral DLPFC activations. One study manipulated the two independent parameters of planning in an eventrelated fMRI study using the Tower of London task and revealed a double dissociation as indicated by a significant crossover interaction of hemisphere and task parameters. 43 Another study demonstrated that the strength of mid-DLPFC connectivity was critical in predicting individual differences in planning performance in the Tower of London test at various stages of adulthood. 44 Furthermore, heroindependent subjects have been reported to perform poorly in the Tower of London test 45 and exhibit poor executive function. 46 These study results imply that decreased rsFC between the interhemisphere over the DLPFC may decrease functional cooperation between both sides of the DLPFC and result in impairment of planning ability among heroin users. However, because rsFC was assessed at resting state in our study, our results do not confirm whether impaired interhemispheric DLPFC connectivity contributed to the deficit in executive function among the heroin users. Further neuroimaging study is necessary to assess interhemisphere DLPFC connectivity while engaging in executive planning tasks among heroin users to provide more direct and robust evidence.
Clinical implications
Heroin use disorder is a chronic relapsing brain disorder. 47 Impaired cognitive function interacting with drug-related cues may contribute to relapse. 48 The DLPFC plays an essential and integrated role in working memory, decision-making, and executive function. 37 Because the GMV and interhemisphere rsFC of the right DLPFC tend to be decreased among heroin users, psychiatrists must pay attention to these DLPFC-related cognitive impairments and potential influences on effectiveness of intervention while providing services for heroin users. Furthermore, factors such as uncontrolled stress 49 including common comorbid mood and anxiety disorders, which may compromise rsFC of the DLPFC, should be treated in heroin users simultaneously. Several noninvasive interventions, such as transcranial magnetic stimulation and transcranial direct current stimulation, can affect DLPFC function. 50 The treatment effects of such noninvasive brain stimulations for heroin users with DLPFC dysfunction should be further investigated to develop more promising treatment for heroin use disorder in the future.
Limitations
Several limitations of this study should be addressed. First, only persons with male sex were enrolled into this study. Second, all of the participants in the heroin-dependent group received MMT, thus, the effect of methadone on the brain should be further examined. Third, the GMV and rsFC were assessed at a resting state without any brainactivation task. We did not include any assessments for cognitive function or behavior patterns in the study, either. The roles of these alterations of the brain in the process or as a consequence of heroin use remain far from being concluded. Fourth, the smoking habits of controls were not recorded in the beginning of the study. We processed the data of neuroimaging without control of smoking status. Finally, the causal relations between heroin use and altered structure and rsFC over the right DLPFC could not be confirmed in this cross-sectional study; in particular, we did not consider the time period or age at initial heroin use in our analysis. Further prospective study is required to clarify the roles of altered right DLPFC structure and rsFC in the mechanism of heroin dependence.
Conclusion
The present study revealed decreased GMV and rsFC over the right DLPFC among heroin-dependent individuals receiving MMT. These findings raise concerns regarding the pathophysiological complications of chronic heroin use. The right DLPFC mediates several pivotal cognitive functions that may have impacts on the effectiveness of treatment for heroin use disorder. Service providers should cautiously consider heroin users' cognitive functions and associated issues during treatment courses.
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